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TITLE 



CARBON CONE AND CARBON WHISKER FIELD EMITTERS 

FIELD OF THE INVENTION 
This invention generally relates to the use of carbon cone and carbon 



5 whisker field emitters and particularly to their use in field emitter cathodes and 
display panels utilizing such cathodes. 



Field emission electron sc.irces, often referred to as field emission 
materials or field emitters, can be used in a variety of electronic applications, e.g., 

10 vacuum electronic devices, flat panel computer and television displays, emission 
gate amplifiers, and klystrons and in lighting. 

Display panels are used in a wide variety of applications such as home and 
commercial televisions, laptop and desktop computers and indoor and outdoor 
advertising and information presentations. Flat panel displays are only a few 

15 inches thick in contrast to the deep cathode ray tube monitors found on most 

televisions and desktop computers. Flat panel displays are a necessity for laptop 
computers, but also provide advantages in weight and size for many of the other 
applications. Currently laptop computer flat panel displays use liquid crystals 
which can be switched from a transparent state to an opaque one by the 

20 application of small electrical signals. It is difficult to reliably produce these 
displays in sizes larger than that suitable for laptop computers. 

Plasma displays have been proposed as an alternative to liquid crystal 
displays. A plasma display uses tiny pixel cells of electrically charged gases to 
produce an image and requires relatively large electrical power to operate. 

25 Flat panel displays having a cathode using a field emission electron source, 

i.e., a field emission material or field emitter, and a phosphor capable of emitting 
light upon bombardment by electrons emitted by the field emitter have been 
proposed. Such displays have ihc potential for providing the visual display 
advantages of the conventional cathode ray tube and the depth, weight and power 

30 consumption advantages of the other flat panel displays. U.S. Patents 4,857,799 
and 5,015,912 disclose matrix-addressed flat panel displays using micro-tip 
cathodes constructed of tungsten, molybdenum or silicon. WO 94-15352, 
WO 94-15350 and WO 94-28571 disclose flat panel displays wherein the cathodes 
have relatively flat emission surfaces. 

35 Field emission has been observed in two kinds of nanotube carbon 

structures. L. A. Chemozatonskii et al., Chem. Phys. Letters 233, 63 (1995) and 
Mat. Res. Soc. Symp. Proc. Vol. 359, 99 (1995) report having produced films of 
nanotube carbon structures on various substrates by the electron evaporation of 
graphite in lO"^ - 10"^ torr. These films consist of aligned tube-like carbon 
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molecules standing next to one another. Two types of tube-like molecules are 
formed; the A-tubelites whose structure includes single-layer graphite-like tubules 
forming filaments-bundles 10-30 nm in diameter and the B-fubelites, including 
mostly multilayer graphite-like tubes 10-30 nm in diameter with conoid or dome- 
5 like caps. They report considerable field electron emission from the surface of 
these structures and attribute it to the high concentration of the field at the 
nanodimensional tips. B. H. Fishbine et al., Mat. Res. Soc. Symp. Proc. Vol. 359, 
93 (1995) discuss experiments and theory directed towards the development of a 
buckytube (i.e., a carbon nanotube) cold field emitter array cathode. 

10 R- S. Robinson et al J. Vac. Sci. Technolo. 21 (3), 1398 (1983) disclose 

the formation of cones on the surfaces of substrates under ion bombardment. The 
effect was reported for various substrate materials and were generated by 
simultaneously sputtering a surface at high energy while seeding it with impurity 
atoms deposited at low energy. They also disclosed the formafion of carbon 

15 whiskers up to 50 ^m in length when a graphite substrate was ion-bombarded with 
impurities from a stainless steel target. 

J. A. Floro, S. M. Rossnagel, and R. S. Robinson, J. Vac. Sci. Technolo. A 
1 (3), 1398 (1983) disclose the formation of whiskers during relatively high 
current density ion bombardment of heated graphite substrates. The whiskers 

20 were disclosed to be 2-50 ^im in length and 0.05-0.5 |am in diameter and to grow 
parallel to the ion beam. Simultaneous impurity seeding was reported to inhibit 
whisker growth. J, A. van Vechten, W. Solberg, P. E. Batson, J. J. Cuomo, and 
S. M. Rossnagel, J. Crystal Growth 82, 289 (1987) discuss the grovAh of whiskers 
from graphite surfaces under ion sputtering conditions. They note that the 

25 whiskers of smallest diameter, characteristically about 15 nm, definitely appear to 
be different from either diamond or the scrolled-graphite structure found in carbon 
fibers grown by catalytic pyrolysis of hydrocarbons. Larger whiskers with 
diameters ranging from 30 to 100 nm were also observed to grow in sputtering 
systems. The smaller diameter whiskers are constant in diameter along the length 

30 while the larger diameter whiskers may have a slight taper. 

M. S. Dresselhaus, G. Dresselhaus, K. Sugihara, 1. L. Spain, and H. A. 
Goldberg, Graphite Fibers and Filaments (Springer-Verlag, Berlin, 1988), 
pp. 32-34, disclose that filaments may be grown on several types of hexagonal 
carbon surfaces, but not on diamond or glassy carbon. 

35 In view of this prior art, there is still a need for improved field emission 

materials for use in field emitter cathodes for display panels and other electronic 
devices. Other objects and advantages of the present invention will become 
apparent to those skilled in the art upon reference to the attached drawings and to 
the detailed description of the invention which hereinafter follows. 

2 
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SUMMARY OF THE INVENTION 
The invention provides for a field emission electron emitter comprised of 
carbon whiskers, carbon cones or both carbon whiskers and carbon cones. The 
invention also provides for a field emitter cathode comprised of carbon whiskers, 
5 carbon cones or both carbon whiskers and carbon cones attached to a substrate, 
preferably an electrical conductor. These carbon whiskers and carbon cones can 
be formed by ion beam bombardment, i.e., ion beam etching, of carbon materials. 

Carbon whisker and carbon cone field emitters and field emitter cathodes 
made therefi-om are useful in vacuum electronic devices, flat panel computer and 
10 television displays, emission gate amplifiers, klystrons and lighting devices. The 
panel displays can be planar or curved. 

BRIEF DESCRIPTION OF THE FIGURES 
Figures 1(a) and 1(b) are scanning electron micrographs of a carbon film 
on an alumina substrate. Figures 1(a) and 1(b) are at different magnifications. 
15 Figures 2(a) and 2(b) are scanning electron micrograph images of carbon 

cones and carbon whiskers formed on an ion beam bombarded carbon film on an 
alumina substrate. Figures 2(a) and 2(b) are at different magnifications. 

Figure 3 is a transmission electron micrograph of a carbon cone formed by 
ion bombardment of a carbon film on an alumina substrate. 
20 Figure 4 is a transmission electron micrograph of a carbon whisker formed 

by ion bombardment of a carbon film on an alumina substrate. 

Figure 5 is a plot of emission current as a function of applied voltage for 
the carbon films shown in Figures 1(a) and 1(b) (Comparative Experiment A) vs. 
Figures 2(a) and 2(b) (Example 1). 
25 Figures 6(a) and 6(b) are scanning electron micrographs of carbon 

whiskers formed by ion bombardment of a carbon fiber. Figures 6(a) and 6(b) are 
at different magnifications. 

Figure 7 is a plot of emission current as a function of applied voltage for a 
7 Jim diameter PAN carbon fiber before ion beam bombardment (Comparative 
30 Experiment C) and following ion beam bombardment (Example 13). 

Figures 8(a) and 8(b) are scanning electron micrographs of carbon 
whiskers formed by ion beam bombardment of a diamond-like carbon thin film on 
a silicon substrate. Figures 8(a) and 8(b) are at different magnifications. 

Figures 9(a) and 9(b) are plots of emission current as a function of applied 
35 voltage for an ion beam bombarded diamond-like carbon thin film on a silicon 
substrate. Figure 9(a) is a linear plot and Figure 9(b) is a logarithmic plot. Both 
plots show a slight hysteresis between increasing voltage and decreasing voltage. 



3 
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Figures iO(a) and 10(b) are scanning electron micrographs of carbon 
whiskers formed by ion beam bombardment of a diamond-like carbon thin film on 
a metal wire. Figures 10(a) and 10(b) are at different magnifications. 

Figure 1 1 is a schematic diagram showing the location of carbon whiskers 
5 and carbon cones formed by ion beam bombardment of a diamond-like carbon 
thin film on a tungsten wire. 

Figure 12 is a plot of emission current as a function of applied voltage for 
an ion beam bombarded diamond-like carbon thin film on a tungsten wire having 
a diameter of 125 \im (Example 16). 
10 Figure 1 3 is a plot of IA^2 a function of 1 for a diamond-like carbon 

thin film on tungsten wire before ion beam bombardment (Comparative 
Experiment E) and following ion beam bombardment (Example 1*7) and on 
various other metal wires following ion beam bombardment. The other ion beam 
treated wire samples include nickel (Example 18), nickel/thorium (Example 19), 
15 and aluminum (Example 20). 

Figure 14 is a plot of a function of 1 for a Pb-containing 

diamond-like carbon thin film on a tungsten wire before ion beam bombardment 
(Comparative Experiment F) and after ion beam bombardment (Example 21). 
Figure 15 is a plot of as a function of lA^ for a Mo-containing 
20 diamond-like carbon thin film on a tungsten wire before ion beam bombardment 
(Comparative Experiment G) and after ion beam bombardment (Example 22), 

Figure 16 is a plot of a function of 1 for a diamond-like carbon 

thin film on a tungsten wire before ion beam bombardment (Comparative 
Experiment H) and for two samples after ion beam bombardment (Examples 23 
25 and 24). 

Figure 17 is a plot of a function of for an ion beam bombarded 

boron-containing diamond-like-carbon thin film on a silicon substrate 
(Example 25). The plot shows a hysteresis between increasing voltage and 
decreasing voltage. 

30 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The carbon whiskers and carbon cones useful as electron emitters in this 
invention can be formed by ion beam bombardment of carbon materials. The 
carbon that is ion bombarded to form the carbon whiskers and carbon cones can 
have a variety of structures and can be prepared in various ways. Bulk carbon, 

35 carbon films or carbon fibers can be used. The carbon can be in the form of 
microcrystalline carbon painted onto a flat substrate or onto a wire. Bulk 
polycrystalline graphite can also be used. Diamond-like carbon (DLC) deposited 
on a substrate or a wire using laser ablation and carbon formed on a substrate or 
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wire using a polyacrylonitrile solution are other examples of carbon that can be 
used. 

The carbon whiskers and carbon cones provide good electron emission and 
field emitter cathodes comprised of these carbon whiskers and carbon cones on a 
5 substrate or wire exhibit highly uniform emission. Preferably, the substrate is an 
electrical conductor such as a meial. 

Emission properties of carbon can be significantly improved by ion beam 
bombardment of the carbon under the following conditions. Beams of argon, 
neon, krypton or xenon ions can be used. Argon ions are preferred. The pressure 
10 during this bombardment is about 0.5 x 10*"^ torr (0.7 x 10'^ Pa) to about 

5 X lO'"^ torr (6.7 x 10'^ Pa). The ion beam bombardment is carried out at ion 
current densities of about 0.1 mA/cm^ to about 1 .5 mA/cm^, preferably about 
0.5 mA/cm^ to about 1. 2 mA/cm^, with beam energies of about 0.5 keV to about 
2.5 keV, preferably about 1.0 keV to about 1.4 keV. Bombardment times of about 
15 15 minutes to 90 minutes or more can be used. Ranges of the exposure times and 
optimal exposure times depend on the type of carbon being bombarded as well as 
on the other bombardment conditions. Under these conditions, carbon whiskers 
and carbon cones can be formed on the carbon surface. Any ion source can be 
used. Currently, Kaufmann Ion Sources are the most readily available 
20 commercially. 

Any metal or refractory material can be used as a cathode substrate. 
Copper and tungsten are preferred metals for this use. Silicon, alumina, MgO and 
Zr02 are examples of suitable refractory materials. The substrate can have any 
shape that is convenient; for example, it can be planar or curved or it can be in the 
25 form of a wire. 

Certain additives to the carbon result in increased emission from the 
carbon both before and after ion bombardment. These additives can be introduced 
in various ways. Such additives can readily be introduced during the ablation 
deposition of DLC by having the additive present in the target that is being 
30 ablated. Typical additives are Pb, Mo, Se and B. The ablation target used is 
comprised of about 3 wt % to about 20 wt % additive, about 70 wt % to about 
87 wt % carbon and about 5 wt % to about 30 wt % polymer. A typical polymer 
that can be used is polyethylene. Improvement in emission properties has also 
been observed when the ablation target is comprised of carbon and polyethylene, 
35 i.e., the ablation target used is comprised of about 70 wt % to about 95 wt % 
carbon and about 5 wt % to about 30 wt % polymer. 

The surface structure of the carbon changes significantly during ion 
bombardment. As a result of etching, it is no longer smooth, but instead becomes 
textured and is comprised of cones of carbon. The density or spacing of these 
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cones and their sizes depend on the nature of the the carbon being bombarded. 
The heights of the cones are typically about 0.3 |im to about 0.8 |im for bulk 
carbon, but for a carbon film the heights are no greater than tTie original thickness 
of the carbon film. Diameters of the cones range from about 0.1 j^m to about 
5 0.5 jam. The carbon cones develop in the direction toward the incident ion beam 
so that when ion beam etching is carried out at angles other than 90"" (e.g., normal 
to the surface), the cones are not normal to the surface. The results of ion beam 
etching of bulk polycrystailine graphite are similar to that of microcrystalline 
graphite thin films. In both instances, the graphite etches uniformly over a 
10 1 square inch area, i.e., the density of the cones (the number of cones per unit 

area) and the appearance of the cones is uniform. Carbon fibers and carbon films 
on non-carbon fibers (e.g., a metal wire) etch in a manner somewhat different 
from the manner in which carbon films on flat substrates or bulk carbon samples 
etch. When the ion beam is normal to the axis of the fiber, cones form 

15 predominantly along the sides of the fiber. Cones are not usually present along 
the center of the fiber, i.e., that part of the fiber which is closest to the ion beam 
source, and they are also not present along the back of the fiber which is not 
exposed directly to the ion beam. Cones can be formed more uniformly around 
the fiber by rotating the fiber during ion beam bombardment. For carbon films 

20 deposited on non-carbon fibers, the density of carbon cones after ion beam 

bombardment is lower than the density of carbon cones on both carbon fibers and 
carbon films on flat surfaces after similar ion beam bombardment. 

Transmission electron micrographs of the cones formed on a carbon film 
indicate that they consist of small grains of crystalline carbon. A cone is believed 

25 to be that part of the original microcrystalline carbon film which is left behind 
following ion beam etching. 

In addition to carbon cones, carbon whiskers are also formed during ion 
bombardment of carbon surfaces. Ion beam bombardment can result in the 
formation of cones, cones and whiskers or, when DLC is bombarded, just 

30 whiskers. When additives such as Pb are present in the DLC, structures 

resembling cones are also formed. When cones are present, carbon whiskers are 
typically located at the tips of the cones. The lengths of the carbon whiskers can 
extend from 2 ^im to distances of 20 ^m or more. In the case of a carbon film, the 
lengths of the carbon whiskers can be much greater than the inifial thickness of the 

35 carbon film. Diameters of the whiskers are in the range of 0.5 to 50 nm. 

The carbon whiskers form in the direction toward the incident ion beam. 
The carbon whiskers are flexible, and they have been observed to move during 
scanning electron microscopy measurements. On carbon fibers and carbon films 
on non-carbon fibers, the carbon whiskers grow in the same regions as do the 

6 
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carbon cones, i.e., when the ion beam is normal to the axis of the fiber, whiskers 
form predominantly along the sides of the fiber. Whiskers are not usually present 
along the center of the fiber, i.e., that part of the fiber which is closest to the ion 
beam source, and they are also not present along the back of the fiber which is not 
5 exposed directly to the ion beam. 

For the non-limiting Examples that follow, a 3 cm-diameter ion gun 
(Kauffman Ion Source, Model II) was used to create an argon ion beam of about 
2 inches diameter (5 cm) at the sample surface. This involved a turbo-pumped 
system with a base pressure of 1x10'^ torr (1.3 x 10"^ Pa). After the base 
10 pressure was reached, the working gas, argon, was fed into the system through a 
needle valve until a steady working pressure of 1 x 10""* torr (1 .3 x lO^^ Pa) was 
achieved. The distance between the ion gun and the surface was 4-5 inches 
(10-12.5 cm). 

Transmission electron micrographs of the carbon whiskers indicate that 

15 they are solid and consist of amorphous carbon. This material is believed to be 
carbon which has been removed from the original film by ion beam etching and 
then redeposited, initially typically at the tips of cones and then at the tips of the 
growing whiskers. Alternately, the whiskers may form by carbon activated by the 
ion beam which diffuses to the tips of the cones or whiskers. Carbon whiskers 

20 differ in structure from carbon nanotubes. Carbon nanotubes are hollow and 
contain shells of graphite-like sheets of carbon. Carbon whiskers are solid cuid 
exhibit no long range crystalline order in any direction. 

Field emission tests were carried out on carbon samples on a flat substrate 
or on bulk carbon samples using a flat-plate emission measurement unit 

25 comprised of two electrodes, one serving as the anode or collector and the other 
serving as the cathode. This will be referred to in the Examples as Measurement 
Unit I. The unit was comprised of two square copper plates, 1 .5 in by 1.5 in 
(3.8 cm X 3.8 cm), with all comers and edges rounded to minimize electrical 
arcing. Each copper plate was embedded in a separate polytetrafluoroethylene 

30 (PTFE) block, 2.5 in x 2.5 in (4.3 cm x 4.3 cm), with one 1 .5 in by 1 .5 in 

(3.8 cm X 3.8 cm) copper plate surface exposed on the front side of the PTFE 
block. Electrical contact to the copper plate was made by a metal screw through 
the back of the PTFE block and extending into the copper plate, thereby providing 
a means to apply an electrical voltage to the plate and means to hold the copper 

35 plate firmly in place. The two PTFE blocks were positioned with the two exposed 
copper plate surfaces facing one another and in register with the distance between 
the plates fixed by means of glass spacers placed between the PTFE blocks but 
distanced from the copper plates to avoid surface leakage currents or arcing. The 
separation distance between the electrodes can be adjusted, but once chosen, it 

7 



was fixed for a given set of measurements on a sample. Typically, separations of 
0.1 cm to about 0,2 cm were used. 

The substrate or the bulk carbon sample was placed on the copper plate 
serving as the cathode, in the case of a conducting substrate, the sample was held 
in place and electrical contact was made by applying a small drop of carbon paint 
to the back of the sample and allowing it to dr}'. In the case of an insulating 
substrate with a conducting film, the substrate was held down on two sides with 
conducting copper tape, which also served to provide for electrical contact. 

The test apparatus was inserted into a vacuum system, and the system was 
evacuated to a base pressure below 1 x 10-^ torr (1.3 x lO""* Pa). A negative 
voltage was applied to the cathode and the emission current was measured as a 
function of the applied voltage. Since the separation distance between the plates d 
and the voltage V were measured, the electric field E could be calculated (E=V/d) 
and the current could be plotted as a function of the electric field. Typically, 
measurements were recorded at 25 V increments. At each voltage, 10 individual 
measurements of emission current were made and the results were averaged. 
Typically, the sample was cycled 10 times from the lowest to the highest emission 
currents. On some occasions, following 10 such cycles, an additional set of 
measurements w£is recorded at constant voltage for an extended period of time to 
examine the lifetime of the emitter. 

Another emission measurement unit was used for carbon fibers and for 
samples in which carbon films had been formed on wires or fibers. This will be 
referred to in the Examples as Measurement Unit II. Electron emission from 
wires or fibers was measured in a cylindrical test fixture. In this fixture, the 
conducting wire to be tested served as the cathode and was mounted in the center 
of a cylinder which served as the anode. This anode cylinder typically consisted 
of a fine mesh cylindrical metal screen coated with a phosphor. Both the cathode 
and anode were held in place by an aluminum block with a semi-cylindrical hole 
cut therein. 

The conducting wire or fiber was held in place by two 1/16 inch-diameter 
stainless steel tubes, one at each end. These tubes were cut open at each end, 
forming an open trough in the shape of a half cylinder of length 1/2 inch and 
diameter 1/16 inch, and the wire or fiber was placed in the open trough that results 
and held in place with silver paste. The connecting tubes were held in place 
within the aluminum block by tight fitting polytetrafluoroethylene (PTFE) 
spacers, which served to electrically separate the anode and cathode. The total 
length of exposed wire or fiber was generally set at 1 .0 cm, although shorter or 
longer lengths could be studied by controlling the placement of the holder tubes. 
The cylindrical screen mesh cathode was placed in the semi-cylindrical trough in 

8 
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the aluminum block and held in place with copper tape. The cathode was in 
electrical contact with the aluminum block. 

Electrical leads were connected to both the anode and cathode. The anode 
was maintained at ground potential (0 V) and the voltage of the cathode was 
5 controlled with a 0-10 kV power supply. Electrical current emitted by the cathode 
was collected at the anode and measured with an electrometer. The electrometer 
was protected from damaging current spikes by an in-series 1 MQ resistor and in- 
parallel diodes which allowed high current spikes to bypass the electrometer to 
ground. 

10 Samples for measurement of length about 2 cm were cut from longer 

lengths of wire or fiber samples. With the flexible stainless steel screen with 
phosphor removed, they were inserted into the cylindrical troughs of the two 
holder arms. Silver paste was applied to hold them in paste. The silver paste was 
allowed to dry and the phosphor screen was reattached and held in place with 

15 copper tape at the two ends. The test apparatus was inserted into a vacuum 
system, and the system was evacuated to a base pressure below 1x10"^ torr 
(1,3 X 10-4 Pa). 

Emission current was measured as a function of applied voltage. Electrons 
emitted from the cathode created light when they stroke the phosphor on the 

20 anode. The distribution and intensity of electron emission sites on the coated wire 
were observed by the pattern of light created on the phosphor/wire mesh screen. 
The average electric field E at the wire surface was calculated through the 
relationship E = V/[a In (b/a)], where V was the voltage difference between the 
anode and cathode, a was the wire radius, and b was the radius of the cylindrical 

25 wire mesh screen. Typically, measurements were recorded at 25 V increments. 
At each voltage, 10 individual measurements of emission current were made and 
the results were averaged. Typically, the sample was cycled 10 times from the 
lowest to the highest emission currents (usually 1 nA to 100-500 \xA). On 
occasions, following 10 such cycles, an additional set of measurements was 

30 recorded at constant voltage for an extended period of time to examine the lifetime 
of the emitter. 

EXAMPLES 

The following non-limiting examples are intended to further enable and 
describe the present invention. 
35 EXAMPLE 1 AND COMPARISON EXPERIMENT A 

Microcrystalline carbon films were deposited onto two one-inch square 
(2.5 cm X 2.5 cm) polycrystalline alumina substrates that were 0.65 mm thick by 
painting each substrate with a suspension of microcrystalline carbon (colloidal 
graphite, Neolube No. 2, Huron Industries, Fort Huron, Michigan) dispersed in 

9 
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isopropanol. The suspension was allowed to dr>' in air, forming a microcrystalline 
carbon film of thickness greater than 1 j^m on each substrate. 

One of the two essentially identical carbon films was not bombarded with 
an ion beam and was set aside to be used in Comparison Experiment A. 
5 The second carbon film was used in Example 1 and was subjected to argon 

ion beam bombardment under the following conditions: ion beam makes a 45° 
angle of incidence with the film sample, beam current of 18 mA, beam voltage of 
1.2 kV, ion beam gun-sample distance of 5 inches (12.5 cm), beam diameter at 
sample of 2 inches (5 cm), argon partial pressure of 1 x lO""^ torr (1.3 x 10*2 Pa), 

10 and exposure time of 20 minutes. 

Scanning electron micrographs of the carbon film of Comparison 
Experiment A having undergone no ion beam bombardment and the carbon film 
of Example 1 which did undergo ion beam bombardment are shown in 
Figures 1(a)/ 1(b) and Figures 2(a)/2(b), respectively. The surface of the carbon 

15 film of Comparison Experiment A contains only a small amount of roughness on a 
length scale of around 1 fim. There are no sharp features and there are no carbon 
whiskers. The surface of the carbon film of Example 1 is comprised of sharp 
carbon cones with carbon whiskers located at the tips of most of the carbon cones. 
The carbon cones and carbon whiskers pointed in a direction 45° to the substrate 

20 normal, i.e., in the direction of the incident ion beam. Figure 3 shows a 

transmission electron micrograph of one of the carbon cones. It consists of small 
grains of crystalline carbon. Figure 4 shows a transmission electron micrograph 
of one of the carbon whiskers. It is solid and consists of amorphous carbon. 

The alumina substrate with the carbon film of Comparison Experiment A 

25 was placed on the copper block cathode of Measurement Unit I and two pieces of 
conducting carbon tape were applied at each side of the substrate both to hold the 
substrate in place and to provide electrical contact to the conducting carbon film. 
The total remaining exposed area of carbon was about 5 cm^. The separation 
distance of the surface of the carbon film and the copper block anode was 1.3 mm. 

30 No significant emission, i.e., emission current less than 1 nA, was observed at 
voltages up to 4000 V. 

The alumina substrate with the carbon film of Example 1 was placed on 
the copper block cathode of Measurement Unit I and two pieces of conducting 
carbon tape were applied at each side of the substrate both to hold the substrate in 

35 place and to provide electrical contact to the conducting carbon film. The total 
remaining exposed area of carbon was about 5 cm^. The separation distance of 
the surface of the carbon film and the copper block anode was 1.3 mm. The 
emission current was measured as a function of voltage. The voltage was 
increased in 25 V increments until the emission current exceeded 100 |iA. This 

10 
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occurred at a voltage of about 2200 V. The voltage was cycled up and down 
between settings yielding a minimum emission current of 10 pA and a maximum 
emission current of 100 ^xA. During the second cycle of the voltage, the emission 
current was 10 ^lA at 1450 V (current density of 2.0 jxA/cm^ at an applied electric 
5 field of 1,35 X 104 v/cm) and 100 |i A at 2150 V (current density of 20 ^lA/cm^ at 
an applied electric field of 1 .65 x 10"^ V/cm). Similar values of emission current 
were obtained for the third through tenth cycles of the voltage. The emission 
results for Example 1 and Compaiison Experiment A are plotted in Figure 5. 

This Example shows that the carbon cones and carbon whiskers can point 
10 at an acute angle to the film surface and provide good electron emission. 

EXAMPLE 2 

A microcrystalline carbon film of thickness greater than 1 \xm was 
prepared on an alumina substrate essentially as described in Example 1 . The 
carbon film was subjected to argon ion beam bombardment under the following 

15 conditions: ion beam makes a 90° angle of incidence with the film sample, i.e., is 
normal to the film sample, beam current of 1 5 mA, beam voltage of 1 .2 kV, ion 
beam gun-sample distance of 4 inches (10 cm), beam diameter at sample of 
2 inches (5 cm), argon partial pressure of 1 x lO'"^ torr (1.3 x 10"2 Pa), and 
exposure time of 45 minutes. Following ion beam bombardment, scanning 

20 electron micrography showed that the film surface was comprised of c£irbon cones 
normal to the surface with carbon whiskers at the tips of the carbon cones also 
normal to the surface, i.e., in the direction of the incident ion beam. Emission 
measurements were carried out essentially as described in Example L Emission 
from this sample (10 |j.A at 1500 V) was comparable to emission from Example 1, 

25 in which the carbon cones and carbon whiskers pointed in a direction 45° to the 
substrate normal. 

This Example shows that the carbon cones and carbon whiskers can point 
normal to the film surface and provide good electron emission. Good electron 
emission is not dependent on the orientation of the cones and whiskers with 
30 respect to the film surface. 

EXAMPLE 3 

A carbon microcrystalline film of thickness greater than 1 ^m was 
prepared essentially as described in Example 1 except that the substrate was a one- 
inch square (2.5 cm x 2.5 cm) of copper sheet. The carbon film was subjected to 
35 argon ion beam bombardment under the following conditions: ion beam makes a 
45° angle of incidence with the film sample, beam current of 20 mA, beam 
voltage of 1.2 kV, ion beam gun-sample distance of 5 inches (12.5 cm), beam 
diameter at sample of 2 inches (5 cm), argon partial pressure of 1 x 10*^ torr 
( 1 ,3 X 1 0"2 Pa) and exposure time of 60 minutes. Following the ion beam 
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bombardment, scanning electron micrography showed that the film surface was 
comprised of carbon cones with carbon whiskers at the tips of the carbon cones. 
The carbon cones and carbon whiskers pointed in a direction 45° to the substrate 
normal, i.e., in the direction of the incident ion beam. Emission measurements 
5 were carried out essentially as described in Example 1. Emission current from 
this sample was 10 jaA at 2375 V. 

This Example shows that good emission occurs from an ion beam 
bombarded carbon film on an metallic substrate. 

EXAMPLES 4 AND 5 AND COMPARISON EXPERIMENT R 

10 A microcrystalline carbon film of thickness greater than 1 ^m was 

prepared on each of three alumina substrates essentially as described in 
Example 1 . Except for exposure times, the three films were subjected to 
essentially the same argon ion beam bombardment under the following conditions; 
ion beam makes a 45° angle of incidence with the film sample, beam current of 

15 17 mA, beam voltage of 1.2 kV, ion beam gun-sample distance of 4 inches 

(10 cm), beam diameter at sample of 2 inches (5 cm) and argon partial pressure of 
1 x 10-4 torr (1.3 x 10*2 Pa). 

The exposure times for the carbon films of Comparison Experiment B and 
Examples 4 and 5 were 15 minutes, 45 minutes and 90 minutes, respectively. 

20 Emission measurements were carried out essentially as described in Example 1 . 
Emission current from the carbon film of Comparison Experiment B was 5 )iA at 
3375 V. Typically, the voltage required to result in a 10 jxA current was used for 
comparison with other samples. However, for the carbon film of Comparison 
Experiment B the highest voltage applied yielded only 5 |iA. Higher voltages 

25 would result in arcing in the apparatus. Emission from the carbon film of 

Example 4 was 10 ^A at 1 600 V and that for the carbon film of Example 5 was 
10 i^A at 625 V. The emission characteristic of Example 4 was considerably 
better than that of Comparison Experiment B and the emission characteristic of 
Example 5 was considerably better than that of Example 4. 

30 These Examples and Comparison Experiment B show that longer exposure 

times to the ion beam bombardment result in carbon films with higher emission. 
However, the exposure time cannot be arbitrarily long; if exposure is continued 
the ions will continue to etch the carbon film and finally etch off the entire carbon 
film. 

35 E XAMPLES 6-9 

A microcrystalline carbon film of thickness greater than 1 \im was 
prepared on each of four alumina substrates essentially as described in Example 1. 
Except for beam voltages, the four films were subjected to essentially the same 
argon ion beam bombardment under the following conditions: ion beam makes a 
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45° angle of incidence with the film sample, beam current of 17 mA, ion beam 
gun-sample distance of 4 inches (10 cm), beam diameter at sample of 2 inches 
(5 cm), argon partial pressure of 1x10""^ torr (1.3 x lO"^ Pa) and exposure time of 
60 minutes. 

5 The beam voltages used for the carbon films of Examples 6-9 were 500 V, 

700 V, 1 .2 keV and 1.5 keV, respectively. Emission measurements were carried 
out essentially as described in Example 1. Emission currents from the carbon 
films of Example 6-9 were 10 ^lA at 2350 V for Example 6, 10 ^lA at 1775 V for 
Example 7, 10 fxA at 450 V for Example 8 and 10 \iA at 950 V for Example 9. 

10 These Examples show that there is an optimal beam voltage of about 

1200 V for these films when the exposure time is 60 minutes. Beam voltages 
lower than the optimal, i.e., lower energy ions, result in less topographical 
modification of the carbon film and less emission current. Beam voltages higher 
than the optimal,, i.e., higher energy ions, result in degradation of the emission 

15 properties. This may be due to excessive etching of the carbon film and a 
decrease in the number of cones and whiskers. 

EXAMPLE 10 

A solid block of 99.95% pure polycrystalline graphite (Goodfellow Corp., 
Berwyn, Pennsylvania) 1 inch (2.5 cm) square and 0.51 mm thick was subjected 

20 to argon ion beam bombardment under the following conditions: ion beam makes 
a 45° angle of incidence with the film sample, beam current of 20 mA, beam 
voltage of 1.2 kV, ion beam gun-sample distance of 5 inches (12.5 cm), beam 
diameter at sample of 2 inches (5 cm), argon partial pressure of 1 x 10"^ torr 
(1 .3 x 10-2 pa)^ and exposure time of 45 minutes. Emission measurements were 

25 carried out essentially as described in Example 1 , except that the gap spacing was 
1.4 mm. Emission ft*om this sample was measured to be 10 ^A at 2325 V, 

This Example shows that good emission occurs from ion beam bombarded 
bulk carbon. 

EXAMPLE 1 1 

30 A solid block of polycrystalline graphite essentially identical to that used 

in Example 10 was subjected to argon ion beam bombardment under the following 
conditions while on a heater at a temperature of 400°C: ion beam makes a 45° 
angle of incidence with the film sample, beam current of 1 8 mA, beam voltage of 
1.2 kV, ion beam gun-sample distance of 5 inches (12.5 cm), beam diameter at 

35 sample of 2 inches (5 cm), argon partial pressure of 1 x 10""* torr (1.3 x 10-2 Pa), 
and exposure time of 90 minutes. Emission measurements were carried out 
essentially as described in Example 1, except that the gap spacing was 1.4 mm. 
Emission from the sample was measured to be 10 [xA at 1475 V. 
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This Example shows that good emission occurs from ion beam bombarded 
bulk carbon that is heated during the ion beam bombardment. 

EXAMPLE 12 

A tungsten wire 125 ]Am in diameter was dipped into a solution of 
5 colloidal carbon in isopropanol (Neolube No, 2; Huron Industries, Fort Huron, 
Michigan) and allowed to dry, resulting in the formation of a layer of carbon on 
the wire. This process was repeated several times to increase the thickness of the 
carbon film on the tungsten wire. The wire was then subjected to argon ion beam 
bombardment under the following conditions; ion beam essentially normal to the 
10 axis of the wire, beam current of 20 mA, beam voltage of 1 .2 kV, ion beam gun- 
sample distance of 4 inches (10 cm), beam diameter at sample of 2 inches (5 cm), 
argon partial pressure of IQ-"* torr (1 .3 x lO'^ Pa), and exposure time of 
120 minutes. 

The tungsten wire with the carbon film was mounted in Measurement 
15 Unit II and the length of exposed carbon film was 1 cm. The emission current was 
measured as a function of voltage and was 10 \iA at 2240 V. The emission 
formed a light pattern on the phosphor-coated anode screen. The pattern extended 
along the length of the wire. The pattern did not extend 360"^ around the wire but 
subtended an angle of 90°-120° and the remaining 240°-270° portion was not 
20 illuminated. 

This Example shows that graphitic carbon can be coated onto metal wires 
and that these coated wires can be made to emit with useful properties by ion 
beam etching. The direction of electron emission can be controlled by ion beam 
etching the wire from only one side. Such "directional" wire-based electron 
25 emitters may provide for enhanced performance as cathodes in certain 
applications. 

EXAMPLE 13 AND COMPARISON EXPERIMENT C 
Carbon fibers (AS4, Hercules Inc., Wilminton, Delaware) each of 7 ^m 
diameter were spread in a holder in an array of 2-3 layers of fibers and were 

30 subjected to argon ion beam bombardment under the following conditions: ion 
beam essentially normal to the axis of the fibers, beam current of 20 mA, beam 
voltage of 1 .2 kV, ion beam gun-sample distance of 4 inches (10 cm), beam 
diameter at sample of 2 inches (5 cm), argon partial pressure of 1 x lO-"* torr 
(1.3 X 10"2 Pa), and exposure time of 30 minutes. 

35 The fibers were stationary and only one side of the fibers was exposed to 

the ion beam. Following the ion beam bombardment, scanning electron 
micrography showed that the film surface contained features similar to the 
polycrystalline carbon film and the solid carbon block and was comprised of 
carbon cones with carbon whiskers at the tips of the carbon cones, as can be seen 
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in the scanning electron micrographs shown in Figures 6(a) and 6(b), The carbon 
cones and carbon whiskers pointed in the direction of the incident ion beam. 

A single carbon fiber about 2 cm long was then mounted in Measurement 
Unit II and the length of exposed carbon fiber was 1 cm. Electron emission was 
5 measured and the results are shown in Figure 7. 

For Comparison Experiment C, a 7 |i.m diameter carbon fiber essentially 
identical to those bombarded with the ion beam in Example 13 was mounted in 
Measurement Unit II without having been subjected to ion beam bombardment. 
The length of exposed carbon fiber was 1 cm. Electron emission was measured. 

10 Typically,emission is initially very poor for such fibers. When the voltage is 

raised, many of these fibers fail catastrophically. Others survive this "high voltage 
treatment step" and begin to emit electrons. The carbon fiber used for 
Comparison Experiment C was such a fiber. The onset of emission is 
accompanied by modification of the surface, which results in "craters", "pits", or 

15 other jagged features. Presumably, emission comes from these irregular features. 
Emission from such fibers is spacially non-uniform, and it is not atypical for all of 
the emission to come from 1-4 sites on the surface. This is in contrast to the 
carbon fibers bombarded with an ion beam, where the number of emission sites is 
often too numerous to count and the sites often merge together into large areas of 

20 uniform emission. The emission current from the carbon fiber of Comparison 

Experiment C following the high voltage treatment step is also shown in Figure 7. 

EXAMPLE 14 

Carbon fibers (AS4, Hercules Inc., Wilminton, Delaware) each of 7 jim 
diameter were spread in a holder in an array of 2-3 layers of fibers and were 
25 subjected to argon ion beam bombardment under the following conditions: ion 
beam essentially normal to the axis of the fibers, beam current of 20 mA, beam 
voltage of 1.2 kV, ion beam gun-sample distance of 4 inches (10 cm), beam 
diameter at sample of 2 inches (5 cm), and argon partial pressure of i x lO""* ton* 
(1.3 X 10-2 Pa). 

30 One side of the fibers was exposed to the ion beam bombardment for 

30 minutes. Then the holder for the fibers was rotated 180® and the opposite sides 
of the fibers were exposed to the ion beam bombardment for 30 minutes under the 
same conditions. Following this double-sided ion beam bombardment scanning 
electron micrography showed that the carbon surface was comprised of carbon 

35 cones with carbon whiskers at the tips of the carbon cones. Electron emission was 
measured in Measurement Unit II and the length of exposed carbon fiber was 
1 cm. The emission current was 10 [lA at 500 V. 
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EXAMPLE 15 AND COMPARISON EXPERIMENT D 



Diamond-like carbon (DLC) thin films about 1 )im thick for use in 
Example 15 and Comparison Experiment D were deposited by pulsed laser 
ablation onto square (25 mm x 25 mm) silicon substrates 0.46 mm thick. The 
5 DLC film was deposited by ablating a graphite target using the 4^^ harmonic line 
at 266 nm of a Spectra Physics GCR 1 70 pulsed Ng- YAG laser with 
10 nanosecond pulses at 2 Hz repetition rate. The graphite target was prepared by 
slicing commercially available rods of 99.99% purity pyrolitic carbon (Uhra 
Carbon, a division of Carbone of America, Bay City, Michigan) 12 inches 

10 (30.5 cm) long and 1.5 inches (3.8 cm) in diameter. The graphite target was 
positioned at the center of the vacuum chamber about 4 cm from the silicon 
substrate. The laser fluence during deposition was 4 J/cm^ and the" pressure was 
maintained at 1 x 10*^ torr (1.3 x lO""* Pa). The 1 cm^ gaussian laser beam was 
directed into the chamber by a pair of plane mirrors and focused onto a 

15 2 mm x 2 mm area on the surface of the solid graphite target by a 300 mm quartz 
lens positioned at the entrance of the vacuum chamber. Both the Si wafer and the 
graphite target were rotated during deposition. The target was held at a 10° angle 
off the normal to provide a larger area of very uniform coverage. Further 
uniformity was achieved by rastering the laser beam over an area 1 cm x 1 cm 

20 square on the target using a set of motorized micrometers placed on the second 
plane mirror. 

The DLC film for Comparison Experiment D was not ion beam 
bombarded while that for Example 15 was subjected to ion beam bombardment 
under the following conditions: ion beam makes a 45° angle of incidence with the 
25 film sample, beam current of 20 mA, beam voltage of 1 .2 kV, ion beam gun- 
sample distance of 5 inches (12.5 cm), begim diameter at sample of 2 inches 
(5 cm), argon partial pressure of 1 x lO*"^ torr (1 .3 x 10-2 Pa) and exposure time of 
1 5 minutes. 



30 those obtained by etching thicker polycrystalline carbon thin films. Cone 

formation is more prevalent on the latter and whiskers only form after formation 
of the cones, i.e., after relatively long etching limes. For DLC films, the whiskers 
form after an etching time of 1 5 minutes and are laced across the surface as shown 
in Figures 8(a) and 8(b). 

35 Emission measurements were carried out essentially sls described in 

Example 1. Electron emission results from the DLC thin films of Example 15 and 
the Comparison Experiment D are shown in Figures 9(a) and 9(b). The area of the 
sample was 6.45 cm^. The emission current was 40 |aA at 2400 V. 



The results of ion beam etching thin DLC thin films are different than 
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The results of this Example show that carbon whiskers can be made to 
form by ion beam bombardment of non-graphitic carbons, e.g., DLC. 

EXAMPLE 16 

A DLC thin film was deposited on a 125 ^m diameter tungsten wire by 
5 pulse laser deposition using essentially the same process described in Example 15. 
The tungsten wire was cleaned in a 30% nitric acid solution for 20 minutes. The 
wire was then rinsed in abundant deoionized water followed by rinses in acetone 
and methanol baths. A 6 inch (2.5 cm) length of the tungsten wire was mounted 
on a rotary sample holder. A rack and pinion mechanism allowed the wire to be 
10 translated during the deposition of the DLC to attain a uniform coating along the 
length of the wire. 

As in Example 15, the thin DLC film was deposited by ablating a graphite 
target using the 4^^ harmonic line at 266 nm of a Spectra Physics GCR 1 70 pulsed 
Ng-YAG laser with 10 nanosecond pulses at 2 Hz repetition rate. The graphite 

15 target was prepared by slicing commercially available rods of 99.99% purity 

pyrolitic carbon (Ultra Carbon, Bay City, Michigan) 12 inches (30.5 cm) long and 
1 .5 inches (3.8 cm) in diameter. The graphite target was positioned at the center 
of the vacuum chamber about 4 cm from the tungsten wire. The laser fluence 
during deposition was 4 J/cm^ and the pressure was maintained at 1x10"^ torr 

20 (1.3 X 10""^ Pa). The 1 cm^ gaussian laser beam was directed into the chamber by 
a pair of plane mirrors and focused onto a 2 mm x 2 mm area on the surface of the 
solid graphite target by a 300 mm quartz lens positioned at the entrance of the 
vacuum chamber. The graphite target was rotated during the deposition . The 
target was held at a 10° angle off the normal to provide a larger area of very 

25 uniform coverage. Further uniformity was achieved by rastering the laser beam 
over an area 1 cm x 1 cm square on the target using a set of motorized 
micrometers placed on the second plane mirror. In addition, the wire was 
translated at the rate of 1 mm/minute during the deposition. A DLC film with 
thickness of about 1 |-im was deposited. 

30 The DLC film on the tungsten wire was subjected to argon ion beam 

bombardment under the following conditions: ion beam essentially normal to the 
axis of the wire, beam current of 18 mA, beam voltage of 1.2 kV, ion beam gun- 
sample distance of 4 inches (10 cm), beam diameter at sample of 2 inches (5 cm) 
andargon partial pressure of 10"^ torr (1 .3 x 10*2 Pa). One side of the coated wire 

35 was exposed to the ion beam bombardment for 40 minutes. Following this ion 
beam bombardment the surface contained cones and whiskers as shown in 
Figures 10(a) and 10(b). The location of these cones and whiskers was limited to 
the parts of the tungsten wire shown in the schematic diagram of Figure 1 1 . 
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Electron emission was measured in Measurement Unit II and the length of 
exposed DLC>coated wire was 1 cm. The emission current as a function of 
voltage is shown in Figure 12. 

The results of this experiment indicate that metal wires can be coated with 
5 non-graphitic carbon and that the emission of this carbon can be greatly improved 
by ion beam bombardment. 

EXAMPLES 17-20 AND COMPARISON EXPERIMENT F 
These Examples show the process for producing a 1 i^m DLC film on a 
conducting core, i.e., a wire, by ultraviolet laser ablation with a graphite target. 

10 The wires on which the DLC was to be deposited were mounted onto a 

rectangular plate that connected to a rack and pinion mechanism which allowed 
their translation during deposition thereby assuring a uniform coaling on the fiber. 
Prior to deposition the wires, mounted on an aluminum frame, were cleaned in a 
30% nitric acid solution for 20 minutes. This bath was followed by a rinse in 

15 abundant deionized water with subsequent rinses in acetone and methanol baths. 
The conducting fibers were placed in a vacuum chamber where a DLC film 
covering was applied by ablating a graphite target. 

The graphite target was made by slicing commercial available rods (Ultra 
Carbon, Bay City, Michigan, pyrolitic graphite, 12" length x 1.5" in diameter rods 

20 at 99.99% purity). The target was positioned at the center of the vacuum chamber 
about 4 cm away from the wires. The thin DLC film was deposited by ablating 
the graphite target using the 4th harmonic line at 266 nm of a Spectra Physics 
GCR 1 70 pulsed Ng-YAG with 10 nanosecond pulses at 2 Hz repetition rate. The 
laser fluence during deposition was 4 J/cm^ and the background pressure was 

25 maintained at 1x10'^ torr (1 .3 x 10"^ Pa). The 1 cm^ gaussian beam is directed 
into the chamber by a pair of plane mirrors and focused by a 300 mm quartz lens 
positioned at the entrance of the vacuum chamber onto a 2.0 mm by 2.0 mm spot 
on the surface of the solid graphite pellet target. Since the target was held at a 10° 
angle off the normal the ablation plume, its rotation resulted in a 2" square area of 

30 very uniform coverage. Further uniformity was achieved by rastering the laser 
beam onto a 1 x 1 cm square on the target with a set of motorized micrometers 
placed on the last plane mirror. 

The DLC films of Example 17 and Comparison Experiment E were 
deposited onto 4 mil (0.1 mm) diameter tungsten wire in a sequence in which the 

35 target was ablated for 20 minutes and then the wire holder was translated for 
45 seconds at a rate of 1 mm/second and the ablation and translation steps 
repeated. The total ablation time to deposit a DLC film about 1 ^m thick 
uniformly over the length of the wire was 140 minutes. In Example 1 8, the DLC 
film was deposited onto 2 mil (0,05 mm) diameter Ni wire. In Example 19 the 
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DLC film was deposited onto 4 mil (0. 1 mm) diameter wire, 99.4% tungsten and 
0.6% thorium. In Example 20. the DLC film was deposited onto 2 mil (0.05 mm) 
diameter aluminum wire. 

The DLC-coated wires of Examples 17-20 were subjected to argon ion 
5 beam bombardment under the following conditions: ion beam makes a 45° angle 
of incidence with the film sample beam current of 20 mA, beam voltage of 
1 .2 kV, ion beam gun-sample distance of 5 inches (12.5 cm), beam diameter at 
sample of 2 inches (5 cm) and argon partial pressure of 1 x 10"^ torr 
(1.3 X 10-2 Pa). The exposure time to the ion beam bombardment for 

10 Examples 17-20 was 30, 15, 20 and 30 minutes, respectively. 
V^- Electron emission was measured in Measurement Unit II and the length of 

exposed DCL-coated wire was 1 cm. The emission results for Examples 1 7-20 
and Comparison Experiment E are shouoi in Figure 13. The improvement in 
emission properties as a result of ion beam bombardment is apparent by 

15 comparing the results for Example 17 and Comparison Experiment E. 

EXAMPLES 21-22 AND COMPARISON EXPERIMENTS F-G 
These Examples show the process for producing a DLC thin film on a 
conducting core, e.g., a metal wire, by ultraviolet laser ablation with ablation 
targets comprising a polymer and a metal in addition to graphite powder and the 

20 improvement in emission properties resulting from ion beam bombardment of 
these DLC thin films. 

The 4 mil (0.1 mm) diameter tungsten wires on which the DLC was to be 
deposited were mounted onto a rectangular plate that connected to a rack and 
pinion mechanism allowed their translation during deposition thereby assuring a 

25 uniform coating throughout the fiber. Prior to deposition the wires, mounted on 
an aluminum frame, were cleaned in a 30% nitric acid solution for 20 minutes. 
This bath was followed by a rinse in abundant deionized water with subsequent 
rinses in acetone and methanol baths. The conducting fibers were placed in a 
vacuum chamber. The ablation target used in Example 21 and Comparison 

30 Example F comprises 10% Pb (200 mesh, 99.999% purity Aesar, Ward Hill, 
MA.), 10% polyethylene (Scientific Polymer Products, Ontario, NY) and 80% 
graphite (briquetting grade, 100 mesh, 99.995% purity, Aesar, Ward Hill, MA). 
The powders, 0.3 g of polyethylene, 0.3 g of Pb and 2.4 g of graphite, were mixed 
in a mortar and pressed to 10,000 PSI into a 1.25" (3.2 cm) diameter stainless steel 

35 die at ambient temperature. The target above was then placed in the center of the 
vacuum chamber and ablated onto a 6 inch length of 2 mil tungsten wire. The 
laser fluence was 3 J/cm^ and the total deposition time was 1 80 minutes. The 
ablation procedure used in Example 22 and Comparison Example G was identical 
to that used in Example 21 and Comparison Example F except the ablating target 
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used in Example 22 and Comparison Example G contained 10% Mo^C 
(Goodfellow Cambridge Ltd., Cambridge, England) powder instead of Pb. In 
each instance the thickness of the DLC film was about 1 |am. 

The DLC-coated wires ot Examples 21 and 22 were subjected to argon ion 
5 beam bombardment under the following conditions: ion beam makes a 45° angle 
of incidence with the film sample beam current of 20 mA, beam voltage of 
1 .2 kV, ion beam gun-sample distance of 5 inches (12.5 cm), beam diameter at 
sample of 2 inches (5 cm), argon partial pressure of 1 x 10""^ torr (1.3 x lO'^ Pa) 
and exposure time of 30 minutes. 

10 Electron emission was measured in Measurement Unit II and the length of 

exposed DCL-coated wire was 1 cm. The emission results for Example 21 and 
Comparison Experiment F are shown in Figure 14. The emission data for 
Comparison Example F shows the emission from the "as deposited" Pb-containing 
DLC-coated tungsten wire prior to ion beam bombardment. The emission data for 

15 Example 21 shows the emission data from the Pb-containing DLC-coated tungsten 
wire after ion beam bombardment. The emission results for Example 22 and 
Comparison Experiment G are shown in Figure 15. The emission data for 
Comparison Example G shows the emission from the "as deposited" 
Mo-containing DLC-coated tungsten wire prior to ion beam bombardment. The 

20 emission data for Example 22 shows the emission data from the Mo-containing 
DLC-coated tungsten wire after ion beam bombardment. The improvement in 
emission properties after ion beam bombardment is apparent in both Examples 21 
and 22. 

EXAMPLES 23-24 AND COMPARISON EXPERIMENT H 
25 These Examples show the process for producing a carbon coating on a 

conducting core by coating a metal wire with a polyacrylonitrile solution and the 
improvement in emission properties resulting from ion beam bombardment of 
these carbon coatings. 

Prior to the application ot the carbon coating, the 4 mil (0. 1 mm) diameter 
30 tungsten wires were cleaned in 30% nitric acid solution for 30 minutes followed 
by abundant de-ionized water, acetone and methanol rinses. The carbon layer was 
coated onto the wire from solution. The solution was prepared by mixing 8 g of 
polyacrylonitrile (PAN) (Aldrich, Milwakee, Wl) into 100 g of methyl sulfoxide 
at 80°C. The heated solution was stirred until the polymer was fully dissolved and 
35 then cooled to ambient temperature. The viscous PAN solution was then applied 
to the clean tungsten wires with a small brush. The wire coated with the PAN 
layer was stabilized by heating in an oven at 250°C for 30 minutes. This coating 
and stabilizing was carried out three times and the coated wires then underwent a 
final heating in argon at 1000°C lur 30 minutes. In Example 23, 100 nm of Ag 
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were sputtered onto the clean tunsten wire prior to the application of the PAN 
coatings. 

Following the firing procedure for the PAN fibers described above, the 
samples of Examples 23 and 24 were subjected to argon ion beam bombardment 
5 under the following conditions: ion beam makes a 45° angle of incidence with the 
film sample beam current of 18 mA, beam voltage of 1.6 kV, ion beam gun- 
sample distance of 5 inches (12.5 cm), beam diameter at sample of 2 inches 
(5 cm), argon partial pressure of 1 x lO""^ torr (1.3 x lO"^ Pa) and exposure time of 
30 minutes. In Comparative Example H, the sample was not bombarded with an 

10 ion beam after firing. 

Electron emission was measured in Measurement Unit II and the length of 
exposed PAN-coated wire was 1 cm. The emission results for Examples 23 and 
24 and Comparison Experiment H are shown in Figure 16 and again demonstrate 
the improved emission properties resulting from ion beam bombardment. 

15 EXAMPLE 25 

A boron-doped diamond-like carbon (DLC) thin film about 1 |am thick 
was deposited by pulsed laser ablation onto a 2 inch (5.1 cm) diameter silicon 
(100) wafer substrate and then bombarded with an ion beam to produce an 
electron emitter with very good emission properties. 

20 Prior to the deposition of the boron-doped DLC film, the silicon 

substrate was cleaned in a 15% HF solution and then rinsed in deionized water. 
The silicon substrate was then masked with a 2 inch (5.1 cm) diameter piece of 
4 mil (0. 1 mm) thick Kapton® polyimide film (DuPont, Wilmington, DE) with a 
2 cm x 2 cm square cut out of the center of the masked to expose the silicon. The 

25 mask was held on the silicon by four 2 mm x 2 mm pieces of double stick tape 
placed 90° apart and 2 mm from the edge of the substrate. 

The boron-doped DLC film was deposited by ablating a target using the 
4^ harmonic line at 26 nm of a Spectra Physics GCR 170 pulsed Ng-YAG laser 
with 10 nanosecond pulses at 6 Hz repetition rate. The ablation target comprises 

30 9% boron carbide powder (Goodfellow Cambridge, Ltd., Cambridge, England) 
and 92% graphite powder (briquetting grade, 100 mesh, 99.995% purity, Aesar, 
Ward Hill, MA). The powder, 0.4 g of boron carbide and 4.0 g of graphite, were 
mixed in a mortar for about 10 minutes and pressed to 10,000 psi (6.9 x 10^ Pa) in 
a 1" (2.5 cm) diameter stainless steel die at ambient temperature. The pressure 

35 was maintained for 5 minutes. The target was then placed at the center of the 

vacuum chamber on a sample holder about 4 cm from the silicon substrate. The 
laser fluence during deposition was 5 J/cm^ and the pressure was maintained at 
1 X 10'^ torr (1.3 X 10""^ Pa), The 1 cm^ gaussian laser beam was directed into the 
chamber by a pair of plane mirrors and focused onto a 2.5 mm x 2 mm area on the 
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surface of the solid graphite target by a 300 mm quartz lens positioned at the 
entrance of the vacuum chamber. The silicon surface was parallel to the surface 
of the target holder. Both the silicon substrate and the graphite target were rotated 
during deposition. The target was held at a 15° angle off the normal to provide a 
larger area of very uniform coverage. Further uniformity was achieved by 
rastering the laser beam over an area 1 cm x 1 cm square on the target using a set 
of motorized micrometers placed on the second plane mirror. 

The boron-doped DLC film was subjected to ion beam bombardment 
under the following conditions: ion beam makes a 45*^ angle of incidence with the 
film sample, beam current of 1 8 mA, beam voltage of 1.2 kV, ion beam gun- 
sample distance of 5 inches (12.5 cm), beam diameter at sample of 2 inches 
(5 cm), argon partial pressure of 1 x 10"^ torr (1.3 x 10-2 p^) and exposure time of 
30 minutes. 

Emission measurements were carried out essentially as described in 
Example 1 . Electron emission results from the boron-doped DLC thin film are 
shown in Figure 17. 

Although particular embodiments of the present invention have been 
described in the foregoing description, it will be understood by those skilled in the 
art that the invention is capable of numerous modifications, substitutions and 
rearrangements without departing from the spirit or essential attributes of the 
invention. Reference should be made to the appended claims, rather than to the 
foregoing specification, as indicating the scope of the invention. 
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CLAIMS : 

1 . A field emission electron emitter comprising carbon cones, carbon 
whiskers or combinations thereof, wherein said cones have diameters of from 
about 0. 1 |j.m to about 0.5 |nm and heights from about 0.3 ^m to about 0.8 ^im and 

5 said whiskers have diameters of from about 0.5 nm to about 50 nm. 

2. A field emission cathode comprised of the field emission electron 
emitter of Claim 1 attached to a substrate. 

3. The field emission cathode of Claim 2 wherein the substrate is an 
electrical conductor. 

10 4. The field emission cathode of Claim 3 wherein the substrate is a wire. 

5. The field emission cathode of Claim 3 wherein the substrate is a 
silicon wafer. 

6. A process for improving the electron emission properties of carbon, 
comprising: 

15 bombarding the surface of a carbon material with an ion beam 

having an ion current density of from about 0.1 mA/cm^ to about 1 .5 mA/cm^ and 
a beam energy of from about 0.5 keV to about 2.5 keV. 

7. The process of Claim 6 wherein said ion beam is comprised of argon, 
neon, krypton or xenon ions. 

20 8. The process of Claim 7 wherein the pressure during said bombarding 

is from about 0.7 x 10-2 pa to about 6,7 x 10-2 p^. 
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